High spatial resolution tomographic reconstructions with several thousand pixels were performed by three different reconstruction algorithms. To overcome the increased ill posedness due to the use of a large number of pixels, the fast maximum entropy method ͑MEM͒ and the Phillips-Tikhonov method were used without any biasing information. The developed spatially resolved fast tomography codes were tested with the KSTAR plasma-like emissivity phantom and the TCV soft x-ray data. The reconstruction results were compared with those by the minimum Fisher information method, and these three methods shows the reliable reconstruction results. Speedup of the calculation was attempted by implementing the parallel computing technique via MATHLINK in the fast MEM code written in the MATHEMATICA language. The calculation speed of the fast MEM code was improved by about ten times without loss of accuracy despite the large number of pixels ͑2700 and 3500 pixels͒.
I. INTRODUCTION
Tomography has played a key role in tokamak plasma diagnostics, and various tomographic methods were developed and used in the last several decades. Because the accessibility of the array diagnostics to a tokamak device is, in general, limited due to geometrical reasons, choice of appropriate tomographic inversion algorithms is crucial in obtaining the reliable plasma cross section out of the limited number of sight lines. In this work, tomographic reconstructions were performed by using three different algorithms ͑the minimum Fisher information method, the fast maximum entropy method, and the Phillips-Tikhonov method͒ with the KSTAR plasma-like emissivity phantom and the TCV soft x-ray array data, and the reconstruction results were compared. In the tomographic reconstruction of tokamak plasmas, there are usually trade-offs between the pixel resolution and the calculation time. One way of compromising to satisfy both requirements is to have a reasonable number of pixels for achieving fast reconstruction, accompanied by using decent visualization techniques of the calculated pixel image. However, retrieval of the possible sophisticated highly localized plasma structure in the reconstruction result requires more than just a good graphical rendering technique of the low spatial resolution image. Therefore, the motivation of this work is to have good reconstruction algorithms that produce both satisfactory spatial resolution ͑by considering several thousand pixels͒ and fast reconstruction ͑by implementing a parallel computation technique͒.
In Sec. II three different tomography reconstruction methods with high spatial resolution were tested using the KSTAR plasma-like emissivity phantom and the TCV experimental data. Since the high spatial resolution tomography problem deals with a large number of pixels, the inversion routines generally take a long time to calculate. In order to overcome this long calculation time, the parallel computation skill was implemented to the tomography problem, which is described in Sec. III. It is followed by discussions and summary in Sec. IV.
II. TOMOGRAPHIC RECONSTRUCTION WITH HIGH SPATIAL RESOLUTION
The three different methods used in this work for evaluating the accuracy of the high spatial resolution tomography were the fast maximum entropy method ͑MEM͒, 1 the Phillips-Tikhonov regularization method ͑PTM͒, 2 and the rapid minimum Fisher information ͑MFI͒ method. 3 A KSTAR plasma-like simulated emissivity phantom 4 and the experimental soft x-ray data of the TCV tokamak were used for the test.
For assessing the reconstruction performance of the KSTAR plasma-like phantom, two different pixel maps of the poloidal reconstruction plane were considered. The number of pixels were 875 ͑35ϫ 25͒ for the low spatial resolution and 3500 ͑70ϫ 50͒ for the high spatial resolution, which correspond to 4 and 2 cm of spatial resolution, respectively. Figures 1͑a͒ and 1͑b͒ show the images of the low resolution and the high resolution cases, respectively, reconstructed by the fast MEM, where the high resolution shows a smoother and less noisy image. The reconstruction images by the PTM and the MFI looked similar to Figs. 1͑a͒ and 1͑b͒ because all the images were rendered by the contour graphics. However, the root-mean-square ͑rms͒ reconstruction error shows that the accuracy of the high spatial resolution case is slightly higher than that of the low resolution case ͑Table I͒. Here, 
2 ͘ ͑i =1,2, ... ,N͒, where ͗ ͘ denotes the average over all pixels, N is the number of pixels, and g i,recon and g i,phant are the ith pixel element of the reconstructed pixel map and the emissivity phantom, respectively. Moreover, the accuracy among the three inversion algorithms was best with the PTM although the difference was not significant. It means that the three algorithms under tests are robust despite the increase of the ill posedness due to the use of a large number of pixels.
As shown in Table I , the difference in the calculation time between the two cases was not large, and it may be due to the accurately calculated weight matrix in the high resolution tomography system and the robustness of the inversion algorithms.
The tomography test using the TCV experimental soft x-ray array data was also attempted. The TCV soft x-ray tomography system 5 consists of ten arrays of 200 silicon photodiode detectors at the same toroidal location, and the number of pixels used was 675 ͑15ϫ 45͒. In order to try higher spatial resolution, the tomographic plane was modified, in this work, to have 2700 pixels by dividing each of 675 pixels into 4 pixels. In Figs. 1͑e͒-1͑h͒ , the reconstruction results of both 675 pixel ͑3.2 cm resolution͒ and 2700 pixel cases ͑1.6 cm resolution͒ for the discharge No. 14501 are given on a hollow emissivity profile after the sawtooth-crash. 6 Again, the 2700 pixel case showed the smoother and less noisy image than the 675 pixel case. As illustrated in Table I , the reconstruction performance indicated by the rms error of the three methods is similar with each other. Although the ill posedness of the tomography problem is increased, the rms reconstruction error is not dramatically increased because the regularization parameter of each algorithm appropriately adjusts the spatial smoothness, and the sophisticated calculation of the weight matrix should be done when the number of pixels is large. The rms error of the fast MEM is similar to that of the MFI, but the calculation time of the fast MEM is shorter than that of the MFI. The PTM is best as far as the reconstruction error is concerned compared to the other two algorithms although its calculation time is relatively longer. However, the reconstruction time can be improved by adopting a parallel computation.
As depicted in Figs. 1͑a͒ and 1͑b͒ , the reconstruction result of the high spatial resolution case is shown to be less noisy and smoother between the adjacent pixels and more accurate than that of the low resolution case, resulting in high accuracy tomography. For instance, the hollow profile of the high resolution case shows larger depth ͑26.7% of the peak emissivity͒ than that of the low resolution case ͑14.3% of the peak emissivity͒ as indicated in Figs. 1͑c͒ and 1͑d͒. FIG. 1. Two-dimensional KSTAR plasma-like emissivity images reconstructed by the fast MEM in ͑a͒ the low resolution ͑875 pixels͒ case and ͑b͒ the high resolution ͑3500 pixels͒ case. ͑c͒ and ͑d͒ represent the radial profiles of ͑a͒ and ͑b͒ along the midplane, respectively. ͑e͒ and ͑f͒ are the low resolution ͑675 pixels͒ and the high resolution ͑2700 pixels͒ reconstruction images by the fast MEM based on the TCV soft x-ray data. ͑g͒ and ͑h͒ represent the radial profiles of ͑e͒ and ͑f͒ along the midplane, respectively. TABLE I. The rms reconstruction error and the calculation time of the three inversion algorithms using the KSTAR plasma-like hollow emissivity phantom and the TCV soft x-ray experimental data ͑shot no. 14501͒. Each rms error for the KSTAR phantom was obtained with respect to the phantom, and that for the TCV data were obtained with respect to the MFI result. The calculation time in parentheses of the fast MEM indicates the time by the parallel computation using three computers. For comparison, the depth was 40% for the KSTAR-like hollow phantom. Furthermore, high spatial accuracy in high resolution tomography may be applicable to some physics studies that require high spatial resolution such as fluctuation studies once the pixel size is small enough.
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III. FAST RECONSTRUCTION USING PARALLEL COMPUTATION
In tokamak plasma tomography, the number of pixels of the reconstruction region is usually set to be not too large because both reconstruction time and spatial resolution should be simultaneously satisfied in a reasonable level. However, fast reconstruction with a large number ͑e.g., several thousands͒ of pixels would be beneficial especially to physics studies of localized phenomena. As a way of reducing the reconstruction time, we employed the parallelcomputing toolkit in the MATHEMATICA software 7 to our fast MEM reconstruction code that was written using the MATH-EMATICA. It uses the standard MATHLINK protocol to communicate between any number of MATHEMATICA kernels. We tested the parallel computing toolkit on three computers, which consisted of one master computer and two slaves, connected simultaneously through the TCP/IP passive connection. Reconstruction of both KSTAR plasma-like phantom and the TCV data showed that the calculation time was decreased by as much as almost ten times compared to the nonparallel computation case. We also found that the decrease of the calculation time became more significant as the number of pixels was larger. Moreover, we could find the magnetohydrodynamics ͑MHD͒ mode number from the temporal sequence of the reconstruction results using singular value decomposition ͑SVD͒ 5 within several milliseconds. This means that the tomographic reconstruction may be used for obtaining information on MHD activities in a reasonably short time during a discharge. The important advantage of the parallel computation technique is that its implementation using the MATHEMATICA language is very easy.
In the near future, the calculation time will be further improved by parallel computation using more computers ͑up to about ten computers͒ to investigate the possibility of using the tomography as a means of real-time plasma control.
IV. DISCUSSIONS AND SUMMARY
In this work, three different regularization-based tomography methods were compared. Each reconstruction algorithm uses the robust regularizing method. The MFI method uses the Fisher information to regularize the reconstruction result, and the fast MEM uses SVD as a preprocess of the reconstruction. Finally, the PTM adopts the Laplacian matrix of the tomographic plane. When the accessibility of the array diagnostic system to the object is limited, the Tikhonov-type regularization method will be especially useful with a small number of arrays. As shown in the examples of the KSTAR phantom and the TCV data, the reconstruction results with a large number of pixels were shown to be accurate despite the increased ill posedness of the tomography problem. As a result, it may be applicable to studies of localized physical phenomena and also possibly to fluctuation studies with a specific spatial correlation length.
If the spatial density of the measurement chords is very different from the pixel resolution of the tomographic plane, too many pixels are not needed for image reconstruction since the brightness from some tiny pixels will not be captured in the sight lines. In this work, optimization of the number of pixels and arrays was carried out by directly performing the reconstruction tests and by comparing the spatial chord density and the pixel resolution.
We tested the parallel computing technique with MATH-EMATICA and MATHLINK protocol for fast calculation of the large pixel number case. Combination of the parallel computation and the fast inversion algorithms can make the realtime tomography possible, which may be useful for the control of the advanced tokamak plasmas. The parallel computation using up to ten computers will be tested to investigate the possibility of real-time tomography for tokamak plasmas.
In order to obtain reasonable reconstruction accuracy within a relatively short calculation time, our result demonstrates that the fast MEM is useful. The PTM shows the high reconstruction accuracy with relatively longer calculation time. However, if the PTM is combined with parallel computation, it would be a powerful reconstruction method.
Tomographic reconstruction in tokamak plasma diagnostics has often been considered as a complicated and timeconsuming tool despite the strong visualization characteristics. However, if the reconstruction can be done in a short time and the code becomes more user friendly, the tomography will be an attractive analysis tool for fusion plasmas.
